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The Heat Transfer Laboratory at the University of 

,Minnesota it engaged in a program of theoreticar and experimental 

investigation of the heat transfer phenomena occrrrrirg i T z  electrical 

arcs under NASA Contract No. NM3-2595. The project manager 

for the contract ie Mr. J. Sovey of the Electrothermal TecbnoLogy 

Section, Lewis Research Center. This report covers work 

performed durkg the sizth reporthg period (October 1, 1944 to 

December 31, 15641, The sixth reporting period war d e ~ o t e d  to 

performing experiments with argon in the arc tunnel usckilg bath a. 

dnglc, plane, segmented anode and a double, non-aegrncnted anode 

arrangement. An optical system bar focusing the arc in the tunnel 

on the entrance slit of the spctrograph wazs designed, Finally- BE 

explosion proof exhaust t h e  w a s  instailed for expalidng hydrogea 

from the: arc tunnel, 

SUMMARY OF PROGRESS 

Experiments with Segmented Anode 

During this peportbng period the segment& a m d e  ' , Y ~ B  

studied in several phases. 

movies were taken €or comparison purposes of the arc agerating with 

both the segmented and non-segmented anodes keczuse fzlitially k? was 

thought that the sharp edges of the segment8 might be preferred arc 

Arc voltage 08clliograma and high speed 



attachneat points, In fact, the edge. w e r e  purposely rounded el igbly 

in hoper of k s s ~ d z ~ g  the poaslbility of this difficulty" Figure 1 8bowcr 

t w o  typical oacillograrnra of the vdtage fluctuaEloks which occur with' 

the fluctuating arc mode e The sarne characteristic ~ a ~ ~ t o o t h - ~ b p a d  

waveform is obrerved with both anodes which indicates that except 

posribly for 8ome 8mall fluctuations the segment edges do not disturb 

the arc. The emall fluctuations in the voltage trace which appear 

mort frequently in the oscillogram shown €or the segmented mode 

may or may not be traceable to edge effects, 

Fortunately, no preferred attachment pohter were obaervcd 

in the high speed movie@. Furt&urmoreo ths arc attachmen$ point 

moved eteadfly along the surface of the e e p e c t e d  anode [€hcZuatfng 

mode) apparently unrrffected by the 0,010 inch Layer of synthetic 

mica mcparatiag each 6egm-Z. The current throagh tha mode column 

eeems to rplk as the attachment point moves from one segment to 

another- -that is, part of the current flows thrwgb one segment and 

the rent f low8 through tba other although the column itself doe@ net 

visibly split into two portion8. Thio rrplittlag effect allow& a gzadzsh 

transition of the current fiow from one r e p e n t  to an adjacent segment. 

This effect io  also ob8erocd in the  oscillogram^ in Figure 2 which show 

the time dependence of the currant flow through e3ch segment, the 

total current, and the arc voltage. The traces of the segment zurrerttr 

are double exposures--onc exposure shows as a straight lint and 

hdf€at88 the zero current reference; the other i6  the actual currtrit 

trace for the particular Begme& Note how the carrent trace appeara 
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to gradually decay in one segment while  it builde up in the nexto an 

. observation that may be explained by the splitting effect, 

Each sudden drop in the voltage {Fig. 23 is accompanied 

by a current Row in one of the upatream sagmeats indicating that 

the arc Bar restruck. after re8trikc, the arc termhous travels 

downatream in sequence from r e p e n t  to segment until another 

restrike occurs. It ia htere82ing to note that the total current is 

emmntially constant with respect to t h e .  Unfortunately all the 

traces still have a small amount of stray pickup superimposed on 

them even though extensive shielding has been employed. The main 

Lource of this disturbance i8 from the changing magnetic field around 

the current lead coming from each segment. The transition of the 

100 ampere current from one regmeat to the next occurs in the 

order of -0.1 millisecond or iarr giving rise to dl/dt valtie8 of 

IO6 amp/eec. Pre8ently all but a small portion of the carrent 

carryfng lead8 arc rhielded, and the oscflloecope l e a d s  are double 

shielded. Future plane call for further 8 h M d h g  and more strategic 

placemu& of component pa**. 

The oegmented anode was also used to measure the average 

f i e ld  strength in the arc and provide some indication of the fall voltages, 

By disconnecting all the power leads to the eeperrtr except one far 

downrrtream, the arc attachment wa8 forced to a point diatant from the 

cathode, Then the asetsmed potential of each eegment w a s  measured 

wi th  respect to the cathode with a high impedance vacuum tube voltmeter, 



A typical resuit is shown in Figure 3. Several set8 of data were 

taken for V ~ d o U 8  gap dfrstarmcnr S, Am s was increasedo the valtae 

of fa + 5 ahso increased while U' and the saiopt of the potential 

distribution curve remained abnC the same, Theoe rneaaurtanenta 

ehould provide a fairly accurate indicatian of the averagt field 

strength along the arc column. The value. of Uc and U + U 
entablfobed by this method still need further interpretation. 

Y a  

An attempt warn madt to ataticaliy mcamure the voltage 

required for restriking %he arc. The current leado for all but one 

of the segment8 were df8connectsd a8 dcrcribed before forcing the 

arc a t t a c h m U n t  downrtream. Then a meparate power rupply w a s  

conaected Between the cathedo aad ope of the upstream aepent8 .  

The idea was to hcrcaae  thu voltage of this auxiliary power supply 

until restrike occurred in the form of a self-ouatahed discharge, 

By iacreasing the voltage rlowly, it waa hoped that a complete 

voltage-current characteriatk of the breakdown codd be measured, 

The rneasurenento, howevero h a t r e  not been oucceoaful. 

A8 the voltage was increased slowly, first a non melf-sustained 

discharge developed which the gas flow prompted distorted into a 

hairpin ahape which could b8 detected as soon a6 a self-6u6tained 

arc wa8 eotablishcd. The maarured value8 are no longer meaningful( 

because in the real case the breakdown occurs too fast for the hairpin 

shaped colunnn to formp and a completely different characteristic I t  

rmbociated w i t h  the phenomena. Apparently W s  technfque wi l l  only 

work for sero flow condilAon.. 



Another approach which might be tried the krture would 

be to measure the breakdown characteristics of the restrike phenomena 

with  a dynamic method. The voltage of the adl iary  power .upply 

w d d  have to be increaaed to breakdown potential at a rats which 

is one or two orders of magnftude fantcr than the blowing velocity. 

The recwlting cbracteriatic wrould then be measured with an 

O S C ~ 0 8 C O p d .  

The dogble anode configuration consimtr of two plane anode8 

which are eituated opposite each other in the top and bottom of the 

test secticm, rerpectively. As ahwn in Figure 4, the fiow is paraliei 

to the anode 8urface8. The detail8 of the anode de8ign were described 

zQuarterly Frogreas Report No. 5 {under the old name,, "Two- 

Dimensional Electrode Gaometry") and wiU not bo repeated here.. 

The con8trucQican of a double anode was completed during 

t u 8  reporting period, and morn8 expeabemar ;In argon w e r e  run to 

determine the aymgtomatic behavior af the arc under varioue operating 

conditions. In order to atudy the arc's behavior in detail. high speed 

movieo were taken aimultaneoarly of the arc and an osciiloacope 

monitoring both the arc current and voltage, {Two typical movies 

of the fluctuating mode were derivered to NASA by Mr. Huncoah, 

technical manager from Lewia Reaearch Center, after hie visit 

to our Laboratory during th in  reporting period. 1 
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The two anodes are electricaily insdated from th;i test 
Y . -  

section 80 that the currant through each anode can be rnearured 

indepeodezxtty. A separate current ehunt i a  atached at one end 

to each anode and at the other and to a common lead from the 

positive terminal of the power 6UpPly which i s  grounded. Thus, the 

two anodes are kept at the a w e  poten%iaL The dimtanca between 

tSe two anodes ir 17.6 mm. 

The high o p e d  modem show that for the operating 

conditions chorea (50 4 I C loo& 100 < P 4 ’360 camHg. 

0 * v 4 100 m/seC)e two arc modem exist a8 f a d  before--a 

steady mods and a fluctuating mode. The steady mode is characterized 

hy a arnooah voltage trace on the oscilloscope and a stationary, 

contracted attachment of the arc to one of the anodes. So far the 

steady mode has not been obrtrved with a simultaneous attachment 

to both anode. u8hg argon. It i8 felt, however, that thie condition 

might porsibly be achieved by either lowerhg the pressureo increasing 

the input power, or decreasing the anode spacing. 

The fluctuating mode is characterized by a sawtooth-shaped 

VOltagS trrce on the orcdiiorcope and a s~altzmeous traveling down- 

stream of the contracted arc attachment point on the anode with 

repeated restriking of the arc’upatream between the arc cathode 

column and one of the mode*. Sn general. L,e restrjlkc F~e2~zzCplL?  s=cm,s 

to be asarty random ar neither anode nor polrition OA Qbern is usually 

a preferred restrike point when the cathode ir properly. centered 

between the anodes. The arc may remtrfke on the same anode or 



jump across to the other anode. A typical excerpt from one of the 

high speed movies shown ia Figure 7 ,  The voltage and current 

trace8 are synchronized with the recorded arc event, At the 

higher flow velocities and preiiureae a wiggling pattern is observed 

in the cathode column which eeems to influence the restrike 

pherroanenon. The '8hpmps" ha the wiggles bring the arc column 

closer to oac or the other of the anodes causing a more favorable 

restrike condition. The presence of these wiggles m a y  fncreasa 

the frequency of reatriD;ing by a factor of 2 to 10. 

In our previous reports it was mentioned that the anode 

jet deflect. the cathode column away from the anode to which the 

arc €e attached, the amount of deflection being greater for kigher 

carrent.. By &a* a second onode poaitioned oppaaite to the 

ffzrrt, tlau deflection c a s e s  the taii of the luminous column 00 

actually touch the second anode. U was hitially thought that the 

arc might jump to the recond anode a4 this point. This phenomenon 

has nat been observed in the high speed modes, howeverp for the 

range of parametera teated, although a narrower anode spacing or 

another test gas may cauae ita occurrence. 

Usually the cathode warn adjuqted vertically for the 

fluctuating arc until the average current flow through each anode war 

aborrt the -me. For thir condition the cathode column appeared to 

be deflected downward rlightly with rerpect to the anode surface@ 

indicating that the flow warn perhaps not quite d o r m  in the test 

UeCtfOn. A qui& check with a pitot probe under cold-flow conditione 



ohowed tbat the flow velocity w18 about 5 per cent greater mar the 

top of the test section- Thia nonuntfurmity appears to be due to the 

assymmetry of the smooth inlet to the test section caused by the 

additioa of the e c c o d  anode (Fig. 4). The nonunifonnity tn the 

f law plus the need for varying the anode epacing hao led us to the 

conclusion that it would be profitable to design and build a new double 

anode asasmblp which ie both rymmettic and adjaatable. 

Qptical Syottrn for Spectrometric Measurements 

An optical system has been designed which wi l l  permit 

spectrometric measurements of any plaama in the arc tunnel with  

the 2.0 meter opectr-cter which is located in an adjacent room ., 

Tbe MthI considcratioao of various rys temr  included 

using several different optical path lengthr, ueing fiber optics, 

relocation of, and even ucaQning t k t  arc with the tspectrograph, 

aad use of concave mirrors. Selection of the be6t optical path w a s  

guided by our concern to interfere as little as possible wi th  other 

experiment. in the arc tannei. 

The use of a fiber optic image conduit wag investigated, 

It turn8 out that a conduit running from the test aection to the 

spectrograph slit would have extremely large intensity losses due 

. to absorptionp an wel l  a8 being out of our price range, Alternately, a 

one meter length of h a g s  conduit codd have been &red to  locate on 

any position in the arc; however, a smaller, more econunica.1 unit 

would not have the resolution needed. In this casep the optics from 
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the h a g e  con&.& to the spectrometer would still have had to be 

similar to the optical 8y8t8m finally selected. 

Any major fixed relocation of the rpectroareter would have 

meant lor8 of flexibility for rneararementr in the original teut area. 

The mounting of the rpectrometer QD a movable and adjustable stand 

was conaidered but would have involved fairly complicated design and 

con8trrrction problem8 in additioa to the always neceasary optical 

ryseesn . 
A system composed of two large concave mirroro was  also 

fnveetigated. In thir dtrfgm the first mirror coitld be rotated in two 

dimcnlrfon8 to o c a  the arc. The recond mirror mu6t be large enough 

to caZ& tbe spreading light beam. Though the system had merito the 

main disadvantages were tho addftfonal path length and resulting 

increa8ed 8ise of ~0rnp0PePfs~ due to the use of mirrors instead 09 

lenses; the odd angler neceerary at the mirrors in the ry8Oem. which 

mu& have certain values to obtain the proper orientation ob the arc 

hag8 on the spectrograph slit; the "awkward" location of components; 

and the fact that sphericai mirror., though achromzitic, cannot be 

corrected for 8pherical aberration. 

The baaic design problems that bear mentioning involve 

dirtOrtiOa, resolution, intensity 108ebro construction, and economy. 

hr addition, we are concerned with Unitolmity in the percentage of 

light intenrity lorasr over the image, calibration of intensity varhtion 

with wavelength, and flexibility in future experiments. 



* io - 
Brief experknonO8 w e r e  made with a simple prototype to 

study the approximate effect of the number of components on distortion 

and to some extent resolution. We found that rix lenses and four 

mirrors (16 rurfaces) of average qualrty produced an image that \vas 

poor: wlmreaa, three lerr8er aad three mirrors (9 surfacer) produced 

a good, rea8anably sharp image. The cost of high quality optical 

components dictated that a romewbat "rimpler, '' direct, and l ess  

convenient cry8tam with 10 or le86 surfacen of average quality be used. 

The above experiments were  made w i t h  8caLed down cornponeate 

and path iesgths. It ia hoped that the larger components of average 

quality wi l l  not decreaae image quality. 

Light intensity losmes depend mainly oa tho reflectfon and 

absorption io8se8 a d  the relative r b e  of the optics. Proper coatings 

can deerewe reflection lorrcs of ltnaes and fncreast refkction from 

mirrorr, A88umhg tuxcoated component8, that overall fntonsity loeaca 

kr the propored syrtem are tolerable. 

A ncm-dorm intearity over the image can occur from a 

uniform 8 0 ~ t c C  if a conqmmnt is 8maler than the beam of parallel 

ray# striking it. Beam8 from object points further off the axio have 

lass area incident upon the optical component than beams from points 

nearer the axhe The components in an optical system u8ed for 

measuring intenritier ahould, therefore, be adequately large, Such 

io not the cane in the uruai demign of the grating she of the spectrometer 

where oae optbizem among resolution, overall intensity 10R6CSs and 
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uniformity ''in percentage" of htenEiCy lossem over the image. In our 

design proper placement of the diaphragm, or aperture stop, favors 

the lart at some sacrifice of resolution and overall intensity, 

Intensity h E 8 U @  alro vary with wave~eagth .  This ef fect  is 

larger with uncoated mirror.. To correct for *avelengPq the optical 

system wil l  be calibrated with a carbon arc. If the optical system as 

designed with large components of average quality give8 a good image, 

w e  may obtain coated mirrors to decrease overall and chromatic 

varhtiona in intensity. 

Our aim is to keep the construction and components am 

r b p l e  and economical am allearable,, and yet not sacrifice flexibility, 

s~ nets8urry fn a re8earch laboratory. 

The opfi cal ay.tem, called the plasmascope, which emerged 

from the Mal conaideraticme and design problome discus8ed aboveo ir 

s b p h 0  direct, a d  fledble. It ha8 a baaic magdficatioa of unity because 

the pIaamas to be viewed in the near future arc siightly smaller than the 

epectrograph dit. The mspification can be varied by adding or changing 

lensem. 

The plammsecope contains two large, coated, achromatic 

ltn~)er, a large iri8 diaphragm, and five front surface aluminum mirrors. 

An additional mirror is w e d  in calibration, The arc {object) lies La the 

focal plans of tho first lena. Rags from any object POW, leaving the 

firat l e m 8 .  are parallel to each other. The recond lens focuses the 

image in i t m  focal plane on the spectrograph dit, Three mirrors are 



used to focus on a desired part of the arco The remaining two mirrora 

route the light beam to the sprtrograph, Figures 5 and 6 show the floor 

plan and optical diagram of the plaemascope and spectrometer reqmctively, 

Figure 6 a160 indicates the path8 of beawr, from object points on and off 

the 4 . e  and the resulting 

grating {with a uniform source). 

dirtribrrtion over the 

The first lens in. f = 90 fa, 1 and three 

mirror. [6 x 8 l /2  in. 1 are motante on a converted U. S, No. 1 hand 

mill. The wft acta ar a plasma scanner to locate the imago of the 

9 

plasma QP the spectrograph slit. Movement of the mill bed ir 

motorbed to allow poritionbg from the spectrometer, 

The calibration arc is alao mounted on the ploama ocaMer  

ouch that only aa additional mirror  need be swung into place before 

calibrating. The mirror  ha0 a corrective coating which remuits in a 

negligible correction for wavelength in reiative intensity mearurementr . 
The two mirrorso tbe iris diaphragm, and the other lem are 

mounted on an optical bench ~18e to the wall  parallel to the rpectrometer, 

The long optical bench wi l l  alao 8e-e in the alignment of the optical 

ayatem. a. a mount for future optical cornpanante under different 

matgnificationm and in a d i a r y  optical experiments, 

The iron arc btand, used for wavelength determination and 

8ome qualitative analysid, lie8 on the optical bench beside the 

rpectrometer; thereforeo it is available when needed without dbturbhg 

the optical 6y6tcm from the arc tunnel or original te8t facility. The 
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beach is a l t o  located to 8eme a6 an optfonal optical path from the 

arc tanncl to the rpectrornetsr. 

A discussion of the methods used for taking the spectrometric 

mta8uramentr ir given in references [ l )  - and (a ) ,  

Preliminary Experiments with Hydrogen 

No errperimentr 4 t h  hydrogen in the arc tunnel wore 

performed during this reporting period as orighally planned because 

of an unexpected delay in th8 installation of the hydrogen exhaust line. 

Despite the temporary delay due to the Iate arrival of rnatePiale. 

the hydrogen ~Jrhlnrt line required by our Safety Division is now 

compietely installed, and the hydrogen experbents wnrfll bo started 

mmn. 

PROPOSED WORK 

The 8eventh quarter of the contracting pertod w i l l  be 

devoted primsriiy to the folLuwing tasks: 

1) Measurement of the t'iocal" heat transfer to the 

anode by mama of the regmenttd anode. 

2) Experiment. with hydrogen. 

3) Construction of the plammascope to be w e d  for the 

spectrorcopic measorcmentr . 
4) DesPgn and construction of a symmatricaI double 

anode with adjustable spacing. 

5) Design and construction of a cylindrical anode to be 

inserted in the existing test roction. 
~ ~~ 
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